Gun sprinklers were commonly used in Italy to irrigate Radicchio. Although this high-pressure irrigation system allows large areas to be irrigated in a short time, it has some major disadvantages. Disadvantages include the impact of the drops on the soil and crop can be very strong, the high volume of water used tends to increase water use and runoff and water distribution uniformity is low. A 3-year experiment was conducted in North-East Italy in order to evaluate the possibility of using a mini-sprinkler irrigation system with low-volume application rates. The use of mini-sprinkler resulted in a higher distribution uniformity, higher Christiansen uniformity coefficient and a higher water use efficiency. Energy cost was also lower when the mini-sprinkler system was used for irrigation as compared to the irrigation gun system. Radicchio head weight and marketable yield were higher when plants were irrigated with the mini-sprinkler as compared to those irrigated with the irrigation gun. Therefore, the use of mini-sprinklers resulted in not only a reduction in water use and energy cost but also an increase in radicchio production.
Introduction
Radicchio (Cichorium intybus L., rubifolium group) is a common red-and-white-leafed green eaten fresh or as a component in cooked dishes. There are various types or groups of radicchio with the groupings generally referring to plant growth habit and head shape and form. The "Rosso di Chioggia" types are the most common grown in Italy followed by "Rosso di Verona", "Rosso di Treviso" and "Variegato di Castelfranco". With 100,000 tons produced annually on 9000 hectares, the Veneto is the largest radicchio-producing region in Italy and accounts for approximately 58% of cultivated land and 42% of the annual Italian radicchio production [12] . Although it has been considered a traditional Italian fresh leafy green, radicchio is now commonly being grown throughout Europe, Japan, the United States, Guatemala, Mexico and South America [8] . Sprinkler irrigation practices have been shown to have a significant impact on both quantity (rate of growth and biomass produced) and quality of field-grown radicchio [2, 4, 16, 17] . The most commonly used irrigation systems in Italy for radicchio production are large irrigation guns with 28 -32 mm diameter nozzles supplied by pumps coupled to the power take-off (PTO) of a tractor and operating at 4 to 8 bar of pressure at the nozzle. These irrigation guns can supply water to large areas at a time, but they produce large droplets with high kinetic energy that impact the soil and cause the formation of a surface crust (especially in silty and clay soils) that can impair the growth of newly transplanted radicchio plants and reduce the number of harvestable heads [5] . This soil crust also acts as an impermeable layer that reduces oxygen availability to the plant roots, reduces the infiltration of irrigation water into the soil and increases surface runoff [3, 18] . When irrigating with the irrigation guns, it is common to apply high volumes of water with long irrigation intervals, so that large variations in soil moisture occur (from dry to saturated) causing stress to the crop [15, 20] . Finally, the field layout of irrigation gun systems fails to insure uniform water distribution and the application rate tends to exceed the infiltration capacity of the soil so that significant surface runoff is common in the final phases of irrigation. In contrast to large gun irrigation systems, portable mini-sprinkler irrigation systems have directed no-impact sprinklers mounted on metal rods (stands) with a quick connector to a lateral polyethylene or layflat type supply pipe. These systems apply low volumes of water using pressures of 2.5 to 4 bar. They typically have a short throw radius of 6 -12 m and flow rates of 150 to 700 L/hr. The water can be directed to specific areas of the field to insure uniform water distribution and to minimize runoff. The installation and operation of these types of systems allow for more uniform irrigation, a reduction in runoff, application of smaller droplet sizes, and shorter more frequent irrigation cycles which have proven to be beneficial for horticultural crops such as lettuce, carrots, onions and potatoes. Therefore, the objective of this research was to compare irrigation water use efficiency [19] , energy cost and radicchio crop production and quality under irrigation gun and a portable mini-sprinkler irrigation system.
Materials and methods
This research was conducted on a commercial farm near the Venice lagoon (North-East Italy; 45°14'11" N, 12°11'0" E). Meteorological data were recorded by the nearest regional weather station and are reported in Figure 1 . The soil type was a Typic fluvaquents coarse-silty, mixed, calcareous, mesic (USDA Soil Taxonomy classification) and a Calcari-Epigleyic Fluvisols (World Reference Base for Soil Resources classification) [1] . The soil texture was a silty-loam with an organic matter content of 1.68%, the total available water capacity was 172 mm/m and the saturated hydraulic conductivity was 8 mm h -1 nominal flow rate equipped with a 180-degree deflector (road protector) were used in the lateral lines to avoid wetting outside the field. The nominal flow rate of the latter sprinklers was not exactly halved compared to those in the central lines due to the water volume lost (not distributed to the crop) near the sprinkler caused by the impact of the water jet on the deflector. Therefore, this required such increase in the flow rate in order to achieve a uniform distribution similar to the central sprinklers. The system was powered by a 4 kW electric pump that pumped water from the nearby irrigation m m m district canal. The water was filtered through a 120 mesh screen to avoid any system clogging [9] . In the second plot, a 4100 m 2 system was set up that irrigated the crop using a high throw radius (about 40 m) 30 mm nozzle irrigation gun with a 22 L•s -1 nominal flow rate at 5 bar pressure at the nozzle. The irrigation gun was mounted on a fixed tripod operating in two different positions to cover the entire production area. The power supply was provided by a centrifugal pump coupled to the power-take-off (PTO) of a 59 kW tractor that drew water from the same irrigation district canal as described for the first plot. Seedlings of "Rosso di Treviso Precoce" radicchio were transplanted into the field plots during the third week of July with a plant spacing of 0.28 m in the row and 0.40 m between rows (8 -9 plants•m -2 ). Both plots had previously been planted with asparagus, and during the experiment, a radicchio followed by wheat crop rotation was followed. For both plots and years, ammonium nitrate (title 26% N) was applied during pre-planting tillage at a rate of 100 kg of N•ha -1 . No phosphorus or potassium were applied as the content of these mineral elements in the soils was high. Irrigation scheduling was based on monitoring the soil water content with a Delta-T Devices soil moisture profile probe placed at depths of 0.10, 0.20, and 0.30 m. Irrigations were performed at about 40% depletion of total available water capacity (̴ 20 mm). Application rate and uniformity of water distribution were determined. The field measurements of water distribution uniformity were performed in both experimental plots using full-grid collector arrays (ISO Standard 15886-3, 2004) . For the mini-sprinklers, the test was performed using rain collectors placed on the ground to form a grid 10 m x 10 m with a layout 1 m apart replicated in three different sites of the plot. In the second plot, the grid covered almost the whole area irrigated by the irrigation gun (collectors 5 m apart). The irrigation times were chosen based on the application rate of the two systems with 2 hours for mini-sprinklers and 30 minutes (15 minutes for each position) for the irrigation gun system. The different irrigation times were set in relation to the greater flow rate of the irrigation gun and also considering the significant runoff that occurred due to the slow water infiltration rate that was 8 mm . h -1 in some areas. Instead, for mini-sprinklers the reduced flow rates were taken into account. The precipitation depths measured at the various collecting points were recorded and the distribution uniformity of low quarter (DUlq) and the Christiansen Uniformity coefficient (CU) were determined [6, 13] . The uniformity of distribution was considered good when the DUlq value was greater than 0.7 and CU was greater than 80% [7] . The irrigation volumes used were calculated for each season and both systems. The values were estimated considering the nominal flow rate at operating pressure of the mini-sprinklers and the irrigation gun, the duration of each irrigation, the area of the plots and the number of irrigations per season. The water use efficiency (WUE) values were calculated and expressed as the ratio between crop yield (kg ha -1 ). At the end of each season (first half of October), plant samples were taken to estimate the crop yield. Five plots for each treatment were identified along the central part of each field before harvesting. Each plot covered an area of 2.4 m 2 , so as to ideally include 21 plants (7 plants per row in 3 rows). Crop yield was evaluated in terms of quantity expressed as number of heads harvested, weight of individual marketable heads, marketable yield. Quality was evaluated according to the Specifications in the "Radicchio Rosso di Treviso" PGI (Protected Geographical Indication; Regulation EC 1263/96) which involved subdividing the heads between first quality (≥ 150 g) and second quality (< 150 g). Before weighing, the plants were cleaned as is usual for the market by removing the outer leaves and cutting a portion of the taproot. All statistical calculations were made using analysis of variance. In the case of a significant F-values, the means were compared by Tukey's HSD test. The energy cost was estimated by calculating the total energy consumed during the irrigation season by the two systems [10, 13] . For the mini-sprinkler, the total consumption (kWh) of the electric pump was multiplied by the cost of 1 kWh (0.175 euro kWh -1 ). For the irrigation gun, the mechanical power (MP in kW) required by the pump was transformed into liters of diesel fuel consumed using the formula MP x D x NO, where D is the fuel consumption (0.27 kg kWh -1 ) and NO are the hours of use, and then multiplied by the cost of agricultural diesel (1 euro L -1 ). The values were proportional to a unit surface area of 1 hectare.
Results and discussion
There were 8 irrigations in 2007, 11 irrigations in 2008 and 10 irrigations in 2009. In all years, the applied water volumes were significantly lower for the mini-sprinkler system than for the irrigation gun system (Table 1) . Table 1 . Volume of irrigation water applied to a radicchio crop for each of three growing seasons using mini-sprinklers and an irrigation gun The short throw radius of mini-sprinklers allowed easily to irrigate inside the cultivated area as much as possible, while the longer throw of the irrigation guns inevitably resulted in irrigation outside of the field boundaries to ensure sufficient wetting of the whole cultivated area. The longer the throw radius, the more likely was irrigation water to be applied outside of the production area. This is a diffuse problem in Italy where the plots cultivated with radicchio have often small size and irregular shape. Additionally, with the variation in the amounts applied per area (see below), more surface runoff occurred with the irrigation gun and this water was lost to outside of the production area. The volume of water applied per area ranged from 2.9 mm . h -1 to 7.7 mm . h -1 when the mini-sprinkler was used for irrigation (Table 2) . However, ranging from 3.0 mm . h -1 to 72.0 mm . h -1 , the variation in the range of the volume of water applied per area was higher for the irrigation gun system than the mini-sprinkler systems. The very high application rates when using the irrigation gun resulted in application rates that exceed infiltration rates for this soil (8 mm . h -1 ) and resulted in surface runoff of water from the plots when using the irrigation gun system. The more uniform application of water using the mini-sprinklers also resulted in higher DUlq and CU values for the mini-sprinkler irrigation system than for the irrigation gun system. Radicchio head weight, marketable production, percent of transplants developing marketable heads and WUE did not differ across the research years (Table 3) . However, when pooled across years, all of these parameters were higher for radicchio irrigated using the mini-sprinkler system than for those irrigated with the irrigation gun (Table 3) . Radicchio irrigated using mini-sprinklers had 9% higher head weight than radicchio irrigated using the irrigation gun system. In terms of market product classes there were no significant differences for the number of heads of first and second choice (data not shown). Second choice heads were on average 3 -4% of total harvested heads in both irrigation systems. For the marketable production a significant increase of more than 4 tons (+19 %) was obtained when the crop was irrigated with the mini-sprinklers as compared to the irrigation gun (Table 3 ). The percentage of plants harvested in relation to those transplanted was higher for the mini-sprinkler treatment than for the irrigation gun. , was a parameter that demonstrated how effectively the water resources were utilized in the production of the radicchio crop. As with radicchio growth and harvest variables, the WUE was not significantly different across years. However, the WUE was 286% higher when the crop was grown using the mini-sprinkler since as compared to the irrigation gun system. Therefore, use of the mini-sprinkler system not only resulted in generally higher production of radicchio but more efficient use of water resources in doing so. The mini-sprinkler system allowed energy cost to be significantly reduced compared to the traditional system with the irrigation gun. This reduction was higher, the larger the number of irrigations performed during the season. In order to better compare the two irrigation systems, a further calculation was made considering the energy consumption of an electric pump with enough power to ensure the proper operation of the irrigation gun (at least 30 kW). In such a case the energy cost was double that of the mini-sprinkler (Figure 3 ).
Conclusions
In this 3-year trial, we demonstrated that the mini-sprinkler system allowed for the production of radicchio using less water. The water applied using a mini-sprinkler system was applied to the crop more uniformly with more precision (inside of the production area) and less runoff than with an irrigation gun. In addition to a reduction in water use and energy cost when using mini-sprinklers, radicchio crop yield and head weight were higher when the crop was irrigated using the mini-sprink-ler system as compared to the irrigation gun. Therefore, growers would benefit from shifting to mini-sprinklers by both reducing water use and energy cost and having higher marketable yields. 
